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free wheel running; training; resting membrane conductance; Na ϩ /K ϩ pump; Na ϩ channels MUSCLE ACTIVITY IS ASSOCIATED with the propagation of multiple AP along the sarcolemma that excites corresponding APs in the transverse tubules of the muscle fibers. Since the repolarizing current during each AP is caused by an outward flux of K ϩ , repetitive AP firing can lead to a substantial increase in [K ϩ ] o . Thus Medbo and Sejersted (27) showed that venous K ϩ can increase to 8 mM during a 1-min exercise bout, and even higher [K ϩ ] o has been shown in the interstitium (10 -12 mM) of exercising human muscles as evaluated by use of microdialysis probes (Refs. 29, 31; for review, see Ref. 44 ). Exposure of isolated muscles to similar levels of extracellular K ϩ has demonstrated that the ensuing depolarization of the membrane potential (18) causes adverse effects on muscle excitability presumably because of slow inactivation of the voltagegated Na ϩ channels responsible for the AP upstroke (34, 43) . Based on this, such increases in [K ϩ ] o during high-intensity activity have been suggested to be an important contributor to muscle fatigue in both exercising humans and in isolated muscle preparations (44) . In this context, the reduction in the exercise-induced elevation of [K ϩ ] o observed after training has been suggested to be an adaptation that, by improving the ability of muscles to maintain excitability, contributes to the improved performance of the trained subjects (1, 16, 26) . Although a similar improvement of muscle performance theoretically could be obtained by a training-induced increase in the tolerance of muscle to elevated [K ϩ ] o , this possibility has, to our knowledge, not been investigated. However, studies on isolated muscles show that muscle tolerance to elevated [K ϩ ] can be increased in several ways: 1) by increasing the availability of voltage-sensitive Na ϩ channels ready for activation via either increasing the density of the channels or increasing the fraction of Na ϩ channels ready for activation (41) (42) (43) , 2) by increasing the electrogenic contribution of the Na ϩ /K ϩ pumps to the membrane potential and steepening the chemical gradients for Na ϩ by the means of an increase in the cellular content of Na ϩ /K ϩ pumps (7), and 3) by decreasing the membrane permeability to Cl Ϫ and thereby reducing the shortcircuiting current carried by Cl Ϫ during AP formation (36, 37) . Of these factors, it is well established that exercise training can increase the cellular content of Na ϩ /K ϩ pumps (1, 26) , but effects of training on Na ϩ channel function and Cl Ϫ permeability is to our knowledge unknown. Based on this, the purpose of the present study was to examine the effect of the training status on the tolerance of muscles to elevated [K ϩ ] o . To allow for detailed electrophysiological measurements, all experiments were done on isolated muscles. Difference in training status was obtained by comparing muscles from sedentary rats with muscles from rats that in their individual cages had voluntary access to a running wheel.
METHODS AND MATERIALS
Animal handling and muscle preparation. All experiments were performed using 12-wk-old female Wistar rats of own breed. Animals were fed ad libitum and kept in a thermostatic environment at 21°C with a 12-h light/12-h dark cycle. The rats were killed by an overdose of Isoflurane (Baxter Medical) followed by decapitation, and intact soleus muscles were dissected out. After dissection, the soleus muscles were split longitudinally into two almost equal muscle strips. This bisection permitted the combination of contraction and electrophysiological measurements on one muscle and thereby reduced the number of animals required to perform the study. All handling and use of animals complied with Danish animal welfare legislation, including the animal housing and termination that in addition was approved by the University Animal Welfare Officer. At the beginning of an experiment, muscles were incubated in standard Krebs-Ringer bicarbonate (KR) solution containing (in mM) 122 NaCl, 25 NaHCO 3 Ϫ , 2.8 KCl, 1.2 KH 2PO4, 1.2 MgSO4, 1.3 CaCl2, and 5.0 D-glucose (pH ϭ 7.4 at 30°C). After the initial incubation period, the solution was in some experiments changed to solutions containing either 6.5 or 9 mM K ϩ where equimolar NaCl was replaced by KCl to maintain isoosmolarity. In experiments using altered K ϩ concentrations, muscles were preincubated in the altered solution for ϳ60 min. All solutions were bubbled with a 95% O 2-5% CO2 mixture. At the end of experiments, all muscle strips were blotted, weighed, and frozen for further measurements as described below. The hearts from the rats were also excised, and the ventricles were isolated, cut open, and blotted before they were weighed. We chose the soleus muscle because it is very active during wheel running and therefore likely to undergo several physiological adaptations (5, 11, 17, 24, 39, 40) . In addition, the muscle is almost entirely composed of type I fibers (3), and its fiber-type composition will therefore not be significantly affected by the change in fiber-type distribution between the type II subtypes (IIa, IIb, IIx) or from type II to type I as may occur with training in muscles containing type II fibers (11) .
Running protocol. Rats were placed in individual cages equipped with a running wheel allowing them to run at their leisure. The wheel was coupled to a computer that registered the total running distance covered, the average velocity, and the maximal velocity. Given that an earlier study by Tokuyama et al. (47) showed that the gender of the rats can affect their running performance in a running wheel, only female rats were included in this study. To further reduce possible variations in the general disposition of the rats toward running, all rats participated in a 2-wk pretest (from 4 to 6 wk of age) in which they were placed in individual cages equipped with a running wheel. After the pretest, only the animals that had run Ͼ50 km were included in the study. Thereafter, the included rats were randomly divided into two groups: The first group (sedentary) was placed in individual cages without running wheels, and the second group (active) continued individually to have access to the running wheel for an additional 6 wk. After 8 wk from start of the running protocol, all rats were killed and in vitro experiments were conducted. This selection procedure is most likely of little relevance for the conclusions pertaining to the effect of the activity level on muscle function, but it could mean that the average running distance observed is somewhat higher than what can be generally expected from the strain of rats used.
Muscle excitation and isometric force. Soleus muscles strips were mounted on isometric force transducers at optimal length and exposed to field stimulation through platinum wire electrodes across their central part. Each muscle strip was used in maximally two contraction protocols as specified in the results. Muscles were generally stimulated tetanically using 30-Hz trains of supramaximal pulses (12 V and a duration of 0.2 ms). Previous studies have shown that 30 Hz is sufficient to induce an almost maximal, smooth tetanic contraction in soleus muscles (34) . To increase the influence of compromised excitability for the fatigue development, the muscles were in some fatigue tests preincubated at an elevated [K ϩ ]o of 6.5 mM, and the stimulation frequency was increased to 60 or 120 Hz (10) . Furthermore, to test the effect of an arguably more physiological stimulation pattern of the muscle and to reduce potential problems with lack of oxygenation (2), intermittent stimulation (1 s on, 5 s off) was used in one fatigue test. Force was measured using force displacement transducers (Grass FTO3, W. Warwick, RI) and recorded digitally with PowerLab data acquisition system (ADI instruments). During experiments, the temperature of the incubation solution was 30°C. At the beginning of each experiment, the muscle strips used were stimulated tetanically for 2 s every 10th minute for 30 min. The force produced during the 2 s of stimulation had to be constant over the 30 min for the muscle to be included in the study. Likewise, all strips showed full recovery of tetanic force at end of the experiments except after the experiment with 25-min intermittent stimulation in which contracture developed after ϳ10 min of recovery.
Determination of wet weight and Na ϩ /K ϩ pump content. At the end of experiments, muscles strips were blotted and weighed, and thereafter some strips were frozen for later determination of the content of Na ϩ /K ϩ pump ␣2-isoforms using the vanadate-facilitated [ 3 H]ouabain binding method (33) . For this assay, the preweighed muscle strips were divided into four samples (each ϳ8 mg), and washed 2 ϫ 10 min at 37°C in Tris-vanadate buffer (in mM: 250 sucrose, 10 Tris·HCl, 3 MgSO 4, and 1 NaVO4; pH 7.25-7.3). The samples were then incubated for 120 min at 37°C in the same buffer with the addition of [ 3 H]ouabain (10 Ϫ6 M, 0.74 mBq/ml) and were then washed 4 ϫ 30 min in ice-cold vanadate buffer to remove any unbound [ 3 H]ouabain. Following washout, the samples were soaked overnight in 0.5 ml of 0.3 M TCA containing 0.1 mM ouabain as carrier. After overnight soaking, 2.5 ml of scintillation cocktail (OptiFluor, Packard, Perkin Elmer, Boston, MA) was added to 0.5 ml of the TCA extract for counting in a ␤-counter. The content of [ 3 H]ouabain binding sites was calculated on the basis of sample wet weight and the specific activity of the incubation medium (33) .
Electrophysiology. The muscle fiber resting membrane potential, AP, rheobase current, and resting membrane conductance were measured by means of a two-electrodes constant-current technique (37) . Briefly, two electrodes (resistance between 5 and 20 M⍀) filled with 2 M potassium citrate were inserted into one muscle fiber. One electrode measured the intracellular potential (recording electrode), whereas the other was used to pass current into the fiber (current electrode). Both electrodes were connected to an Axoclamp-2A amplifier that was controlled by a computer using Signal 2.09 software (Cambridge Electronic Design, Cambridge, UK). In the experiments performed in standard KR with 4 mM K ϩ , all fibers with a resting membrane potential more depolarized than Ϫ70 mV were disregarded. The rheobase current, defined as the minimal current of 25-ms duration needed to elicit an AP for individual fibers, was determined by injecting depolarizing currents starting with a 20-nA injection and increasing with discrete 5-nA steps through the current electrode until an AP was elicited (see Fig. 3A ). At an extracellular K ϩ of 4 mM, all muscle fibers tested were excitable. However, at 9 mM extracellular K ϩ , several fibers did not respond with an AP even after injection of a 100-nA current pulse and were for that reason considered to be in-excitable (36) . In addition, the rate of rise of the AP was calculated as the maximum of the first differential of the AP signal derived from the rheobase current measurement. The total resting membrane conductance was determined in muscle fibers incubated at 9 mM K ϩ and was calculated from membrane potential displacements measured at three locations in the same fiber during injection of a constant hyperpolarizing current pulse of 75-ms duration as described in Ref. 36 .
Fiber type and size. After experiments in the electrophysiological setup, samples from the muscle strips were mounted with Tissue-Tek, frozen in isopentane cooled with liquid nitrogen, and stored at Ϫ80°C until further investigation. Serial cross sections (10 m) of the samples were cut in a cryostat (Ϫ20°C) and placed on slides that were processed for ATPase histochemistry after preincubation at pH 4.37, 4.60, and 10.30, following the procedures developed by Brooke and Kaiser (4). The serial sections were visualized and analyzed using a Leica DM2000 microscope and a Leica Hi-resolution Color DFC camera (Leica, Stockholm, Sweden) combined with image-analysis software (Leica Qwin version 3, Leica). Images of the three ATPase stainings revealed that type I fibers were completely dominant in the muscles from both sedentary and active rats, and thus no other fiber types were present in sufficient quantity in any of the samples (Ͻ2%) to allow meaningful analysis of differences in fiber-type proportions. Therefore, further analysis of fibers was limited to measurements of cross-sectional area (CSA) and of capillary number per fiber. To reveal fiber membranes and capillaries, one serial section was immunohistochemically stained for collagen type IV essentially following the procedure described by Qu et al. (38) . From the immunohistochemically stained sections, a fiber mask was automatically drawn by the software. This mask was fitted manually to the cell borders of the desired number of fibers. Only fibers cut perpendicularly to their longitudinal axis were used for the determination of fiber size. All capillaries in contact with a fiber were counted to give a capillaryper-fiber ratio. Blinded analyses were performed by a laboratory technician. On average, 230 Ϯ 5 fibers per muscle sample were included for CSA and capillary analysis.
Statistics. Data are expressed as means Ϯ SE. The statistical significance of any difference between groups was ascertained using Student's two-tailed t-test for nonpaired observations (two groups) or two-way ANOVA followed by a post hoc Bonferroni corrected t-test where appropriate. Significance was accepted at a post hoc level with P Ͻ 0.05.
RESULTS
Rat activity. During the first 2 wk pretest, only 8 of 35 rats failed to reach the set goal of a total running distance of 50 km and were, thus, excluded from the study. The 27 rats that were included in the study ran 91 Ϯ 5 km during the pretest. After the pretest, the rats were divided into an active and a sedentary group. After another 6 wk, the rats in the active group had run an average of 13.1 Ϯ 0.7 km/day with an average velocity of 2.9 Ϯ 0.1 km/h. Figure 1A shows, however, that there was a weekly progression in voluntary running distance during the first 5 wk of activity, after which the activity decreased somewhat as seen in other studies (23, 33) . In contrast, Fig.  1B shows that the average of the maximal running velocities did not change very much during the 8 wk of activity. After the 8 wk, the active rats weighed ϳ10% less than the sedentary rats (Table 1) . Conversely, the hearts from the active rats were 15% larger compared with the hearts from the sedentary rats (Table 1) .
Histology. Generally, only type I fibers were observed in the muscles, and therefore further analyses were only done on this fiber type. As shown in Table 1 , the CSA of the type I fibers was significantly smaller in muscle from active rats compared with muscles from sedentary rats. In addition, the number of capillaries per muscle fiber remained the same in the two groups of rats. Hence, the number of capillaries per muscle fiber CSA was larger in the muscles from the active rats (Table 1) .
Muscle K ϩ tolerance. After the bisection of the soleus muscle, one-half of the muscle was incubated in 4 mM K ϩ KR-solution, mounted on force transducers, and stimulated every 10 min for 2 s with a frequency of 30 Hz. This was done to investigate the effect of increased extracellular K ϩ without the compromising side effect of continuous contraction (7) . During stimulation with the protocol mentioned above (2 s, 30 Hz), the muscle strips from the active rats produced 8% less force per milligram wet weight than the strips from the sedentary rats (Table 1) . After preincubation in KR solution containing 4 mM K ϩ , the solution was changed to a KR solution Figure 2 shows that when the muscles from the sedentary rats were exposed to 9 mM K ϩ they lost the ability to produce force at a faster rate and to a larger extent than muscle from the active rats. Thus, after 90 min, the muscle from sedentary rats produced only 10 Ϯ 3%, whereas muscles from active rats produced 48 Ϯ 4% of initial force at 4 mM K ϩ , indicating increased robustness of excitability in muscles from active rats (Fig. 2B) . Electrophysiology. Figure 3 depicts results from electrophysiological measurements done in the other half of the muscle. As shown in Fig. 3B , the rheobase current, i.e., the minimal current injection needed to elicit an AP in the muscle fibers, was 54 Ϯ 5 nA in the sedentary rat vs. 36 Ϯ 2 nA in the active rats. This increase in excitability in the active rats was accompanied by an increase in the maximal rate of voltage change during the depolarization phase of the APs from 227 Ϯ 28 to 351 Ϯ 35 mV/ms (Fig. 3C) . The membrane potential was measured when muscles where incubated in 4 mM K and subsequently in a 10-min period (45-55 min) after the extracellular K ϩ concentration was increased to 9 mM (Fig. 3D) . No significant difference in the membrane potential was found between the two groups of muscles at either 4 or 9 mM extracellular K ϩ . Next, the rheobase current was determined while maintaining the muscle in 9 mM K ϩ . However, the examination was encumbered by complete inexcitability in a large fraction of the fibers, which has also been observed at elevated [K ϩ ] o in other studies of isolated muscles (36) . For that reason, the fibers were only excited by injection of a single 100-nA depolarizing constant current pulse. As shown in Fig. 3E , these experiments revealed that only ϳ27% of the examined fibers from sedentary rats could be stimulated to elicit an AP by a 100-nA injection when incubated at 9 mM K ϩ . In muscles from active rats, however, the same stimulation elicited an AP in ϳ77% of the tested muscle fibers. Last, Fig. 3F shows the resting membrane conductance measured in the two groups of muscles after incubation for Ͼ60 min in KR solution containing 9 mM K ϩ . It can be seen that there was ϳ20% lower conductance in the muscle fibers from the active than in the muscle fibers from the sedentary rats.
Muscle fatigueability. To test for an effect of the muscle adaptations to the wheel running on fatigueability, the muscles used in Fig. 2B were incubated at 4 mM K ϩ until full recovery of force and were then exposed to a fatigue trial in which they were stimulated for 160 s at 30 Hz. Figure 4A shows that with this procedure the muscles fatigued to the same level and with the same time course in the active and the sedentary group. In another subset of experiments, we endeavored to increase the influence of compromised excitability for the fatigue development in muscles by preincubated muscle at 6.5 mM K ϩ and stimulated them for 20 s at 120 Hz (9) . Figure 4B shows that this was without effect on the initial maximal force but led to an approximately eightfold faster fatigue development than observed in Fig. 4A . Despite this, the muscles from the active rats only display an insignificant tendency for better maintenance of force during the trial. After this 20-s fatigue trial, the muscles rested for at least 30 min, which was sufficient to obtain full force recovery. The muscles were then used in another fatigue trial where they were only stimulated once every 6 s with a 60-Hz pulse train of 1-s duration. With this intermittent tetanic stimulation of the muscles, the fatigue development (Fig. 4C) had a much slower time course than it did with continuous stimulation (Fig. 4, A and B) , and the muscles from the active rats had a significantly better maintenance of force than muscles from the sedentary rats. Thus, at the end of 25-min intermittent stimulation, muscles from the active rats produced 39 Ϯ 2% of initial force at 4 mM K ϩ vs. 30 Ϯ 2% of initial force at 4 mM K ϩ produced by muscles from the sedentary rats (Fig. 4C) .
DISCUSSION
The main finding of this study was that the depressing effects of elevated [K ϩ ] o on the excitation-induced force production were smaller in rats that had performed 8 wk of voluntary running than in sedentary rats. This difference was associated with a higher fraction of fibers that could maintain their excitability at 9 mM K ϩ and, furthermore, had increased fiber excitability at 4 mM K ϩ , as indicated by a significantly lower rheobase current in active vs. sedentary rats.
In the present study, a difference in activity level between groups of rats was obtained by placing one of the groups of rats in cages with running wheels. The average distance covered in the running wheel by the animals in the active group was ϳ13 Fig. 3 . The effect of voluntary running on the electrophysiology of soleus muscle fibers at 4 and 9 mM K ϩ . All measurements were made in the outermost layers of muscles fibers. A: illustration of the experimental protocol used to determine the minimal current injection needed to elicit an AP (rheobase current). Top: representative trace of the membrane deflections occurring in response to the current injections. Bottom: repeated injection of 25-ms current pulses of increasing amplitude starting with 20 nA and increasing 5 nA per step. B: averaged rheobase current in muscles at 4 mM K ϩ (n ϭ 16 and 14 fibers from 4 muscles). C: maximal rate of depolarization during the APs elicited in the determination of rheobase current in muscles at 4 mM K ϩ (n ϭ 16 and 14 fibers from 4 muscles). D: resting membrane potential measured at 4 mM K ϩ and repeatedly during a 10-min interval after a change to a 9 mM K ϩ solution (45-55 min). Data were pooled and averaged (n ϭ 12 fibers from 4 muscles and 37 fibers from 6 muscles). E: muscles were incubated in 9 mM K solution for 1 h, after which a 25-ms depolarizing current pulse of 100 nA was injected. The number of fibers responding with an AP is shown relative to the number of fibers tested (n ϭ 25 and 29 fibers from 6 muscles). F: resting membrane conductance measured in the two groups after the resting membrane potential had stabilized in 9 mM K ϩ (ϳ1 h). (n ϭ 9 fibers from 4 muscles and fibers 19 from 6 muscles). *Significant difference (P Ͻ 0.05).
km/day (Fig. 1) , which is comparable to distances reported in other studies with similar setups (17, 30, 39, 47) .
Detailed estimates of work intensity during running could not be obtained, but the data suggest that the running involved bouts of high intensity, as can be inferred from the maximal running velocities (Fig. 1B) . Thus the maximal velocities were ϳ3.5-fold faster than the average velocity observed in the recordings (2.9 Ϯ 0.1 km/h). Similar observations were made by Rodnick et al. (40) and Legerlotz et al. (24) who found that free-spinning running wheel activity best can be described as intermittent sprint exercise, since the rats in these studies performed burst of running activity at high intensity. The activity level of the sedentary rats was not determined in the study, but Spangenberg et al. (46) showed that rats housed in individual cages were active ϳ20 min out of 24 h. This included a feeding time of ϳ15 min. Although the nature of this activity was not reported, this level of activity is most likely substantially less than that of the rats in the active group in the present study.
In humans, both low-volume intermittent intensive exercise and high-volume exercise at lower intensities has been shown to cause responses leading to enhancement of maximal oxygen consumption including myocardial morphological changes that increase maximal stroke volume (28) . Moreover, it was recently demonstrated that intermittent intensive exercise is even more efficient than high-volume exercise at lower intensities in increasing the muscle content of Na ϩ /K ϩ pumps (1, 32). Therefore, the observation that free-wheel running leads to larger heart size, more efficient capillarization, and increased Na ϩ /K ϩ pumps content of skeletal muscle (Table 1 ; Refs. 5, 24, 30, 39, 45) further argues that the running intensity in the present study was sufficient to induce training effects. At variance with these studies, however, the higher density of capillaries per muscle fiber in the running rats of the present study was not related to a higher number of capillaries per muscle fiber but rather to a lower muscle fiber area in the active rats compared with the sedentary rats. In accordance with the present study, however, Gute et al. (14) did not find a change in the number of capillaries per number of fibers in rat soleus muscles during either endurance or sprint training.
The observation of a smaller fiber CSA in muscles from active rats compared with sedentary rats in this study is contrary to previous studies reporting no significant changes in CSA of fibers from rat hindlimb muscles after voluntary unloaded wheel running (13, 19, 21, 23) . The reason for this difference between studies is unclear but may be related to a low age of rats used in the present study. During the training period, these rats were still in a growth phase, and therefore the results with respect to CSA may not be similar to what is seen in studies on fully grown rats. In addition, gender and training duration may influence the results. The lower weight-specific tetanic force in muscle from active rats compared with sedentary rats (Table 1) could furthermore indicate that there is a larger proportion of noncontractile tissue in the muscles of the active rats compared with the sedentary rats or perhaps that the muscles of the active rats increase in length.
In our study, we only looked at effects of running on the soleus muscle from the rat in vitro. This muscle has been studied extensively, but to our knowledge the effects of animal activity level on muscle K ϩ tolerance and electrophysiological properties have not been previously examined. Analysis of fiber composition of the soleus muscles used in the study revealed almost no type II fibers in any of the muscles examined, and the observed increase in the [K ϩ ] o tolerance and endurance of the muscle from the active rats was therefore not influenced by fiber-type transitions from the more K ϩ tolerant (6) but also more fatigueable type II fiber to type I fibers.
In agreement with a previous study on isolated rat muscle (36) , the present study demonstrates that a large part of the reduction in the excitation-induced force production in muscles exposed to elevated [K ϩ ] o (Fig. 3) can be explained by a complete loss of excitability in a fraction of the fibers in the muscle (Fig. 3E) . Likewise, the higher tolerance to elevations in [K ϩ ] o observed in muscles from active rats compared with sedentary rats could to a large extent be explained by an activity-induced improvement in the ability of the muscle fibers to maintain excitability when exposed to elevated [K ϩ ] o (Fig. 3E ). This effect was probably related to a general increase in the excitability of the individual fibers as indicated by the lower rheobase current at 4 mM K ϩ in active compared with sedentary rats (Fig. 3B) . Although the present study does not allow for a full account of the mechanisms that lead to better maintenance of excitability at elevated [K ϩ ] o , it does identify three relevant training-induced changes to the muscle that potentially could contribute. First, muscles from the active group had a 22% higher Na ϩ /K ϩ pump content than muscles from the sedentary group (Table 1) . Since both the force response and the excitability of isolated rat muscles at elevated [K ϩ ] o can be correlated to the activity of the Na ϩ /K ϩ pump (9), it is possible that the increased Na ϩ /K ϩ pump content in muscles from active rats contributed to the improved K ϩ tolerance. Generally, the effect of increased Na ϩ /K ϩ pump activity on muscle K ϩ tolerance has been ascribed to hyperpolarization and a decrease in the intracellular Na ϩ content leading to a steeper inward chemical gradient for the ion (7, 22, 25) . However, a study by Joumaa and Léoty (20) did not find a training-induced difference in membrane potential in either soleus or EDL muscle from rats. This is comparable to the present study in which we did not find a difference in membrane potential between the active and sedentary rats (Fig. 3D) . Furthermore, the membrane potential shifted similarly in response to increased [K ϩ ] o in the muscle fibers from active and sedentary rats, which indicates that the increased excitability of the muscle fibers from the active rats was not attributed to the difference in membrane potential.
Second, muscle fiber from active rats had ϳ20% lower total resting conductance compared with muscle fibers from sedentary rats when measured in a solution containing 9 mM K ϩ , which fits very well with the findings of Pierno et al. (37a) who describe an increase in Cl Ϫ conductance during muscle disuse induced by hindlimb suspension. A similar reduction in the resting membrane conductance as that found in the present study has been shown to improve the ability of muscle fibers to maintain their excitability at elevated K ϩ as well as reduce the rheobase current at 4 mM K ϩ (36). Third, the maximal rate of rise of the APs of the muscle fibers was significantly higher in active rats than in sedentary rats, an effect that previously has been associated with improved tolerance of muscles to elevated [K ϩ ] o (25) . Since the rate of rise of the AP mainly depends on the maximal Na ϩ current during the AP, this effect suggests that wheel running led to a larger density of the Na V 1.4 or to an increased fraction of Na ϩ channels ready for activation in the active skeletal muscle.
The superior K ϩ tolerance of muscles from active rats compared with sedentary rats was associated with a better contractile endurance in muscles incubated at an elevated K ϩ of 6.5 mM (Fig. 4C) . In contrast, no difference in fatigability was observed in muscles incubated at 4 mM K ϩ . A similar difference in the effect of improved K ϩ tolerance on endurance of muscles at 4 mM and at elevated K ϩ was observed in another study where the K ϩ tolerance was increased by stimulation of muscles with salbutamol (10) . Considering that the interstitial K ϩ concentration may increase by Ͼ20 mM during electrical stimulation of isolated muscles (8) , the effect of increasing baseline extracellular K ϩ from 4 mM to just 6.5 mM may be surprising. One possible explanation could be related to the high Cl Ϫ permeability of the muscle fibers, which tends to stabilize the resting membrane potential close the equilibrium potential of Cl Ϫ when the resting membrane potential is under nonsteady state conditions (12) . Since the Cl Ϫ equilibrium potential at steady state normally is close to the resting membrane potential, this leads to a significant delay in the depolarizing effect of a sudden increase in the extracellular K ϩ (12, 18) . In the short term, such as during a 160-s fatigue trial ( (Fig. 2 and 3) or during preincubation at 6.5 mM K ϩ , passive movements of Cl Ϫ will eventually change the equilibrium potential for Cl Ϫ and with it the membrane potential toward the equilibrium potential for K ϩ . In accord with this explanation, preincubation of rat muscles at 8 or 10 mM K ϩ for Ͻ20 min was found to be almost without effect on contractile endurance during tetanic stimulations (10, 48) , whereas preincubation for longer time reduces endurance (10) . Likewise, in the present study, the increased K ϩ tolerance of muscles from active rats was only associated with a better contractile endurance after preincubation at elevated extracellular K ϩ and prolonged intermittent contractions (Fig. 4C) .
Notably, however, even after the contribution of compromised excitability to the fatigue development was increased by preincubation of the muscles at 6.5 mM K ϩ , the effect of wheel running on contractile endurance (Fig. 4, B and C) was much less pronounced than on the tolerance to elevated extracellular K ϩ (Fig. 2) , indicating that K ϩ -induced loss of excitability only was a minor contributor to the fatigue development in contracting muscles. It is, however, still possible that the training-induced increase in K ϩ tolerance is important for the concomitant improvement of contractile endurance. This notion is based on the finding that the exercise-induced increase in interstitial K ϩ depends on work intensity (15, 25, 34) . Let alone, this means that work at the higher intensity made possible after training by other adaptations, such as changes in metabolic enzymes, glucose transporters, and mitochondrial biogenesis (11, 17, 39, 40) , would lead to exacerbated accumulation of extracellular K ϩ and thereby an increased likelihood that elevated extracellular K ϩ becomes a limiting factor for exercise endurance. It is thus possible that both the traininginduced reduction in the increase in interstitial K ϩ , previously demonstrated in humans (1, 20, 26) , and the improvement in muscle K ϩ tolerance, observed in the present study, are necessary to ensure that the higher maximal work intensity after training can be fully exploited without limitations from loss of muscle excitability caused by elevations in interstitial K ϩ .
